Cho JE, Fournier M, Da X, Lewis MI. Time course expression of Foxo transcription factors in skeletal muscle following corticosteroid administration. J Appl Physiol 108: 137-145, 2010. First published October 22, 2009 doi:10.1152/japplphysiol.00704.2009.-Increased expression of forkhead box O (Foxo) transcription factors were reported in cultured myotubes and mouse limb muscle with corticosteroid (CS) treatment. We previously reported that administration of CS to rats resulted in muscle fiber atrophy only by day 7. The aim of this study, therefore, was to evaluate the time-course changes in the expression of Foxo transcription factors and muscle-specific ubiquitin E3 ligases in rat limb muscle following CS administration. Triamcinolone (TRI; 1 mg · kg Ϫ1 · day Ϫ1 im) was administered for 1, 3, or 7 days. Control (CTL) rats were given saline. Muscle mRNA was analyzed by real-time RT-PCR. Compared with CTL, body weights of TRI-treated animals decreased by 3, 12, and 21% at days 1, 3, and 7, respectively. Muscle IGF-1 mRNA levels decreased by 33, 65, and 58% at days 1, 3, and 7 in TRI-treated rats compared with CTL. Levels of phosphorylated Akt were 28, 50, and 36% lower in TRI animals at these time points. Foxo1 mRNA increased progressively by 1.2-, 1.4-, and 2.5-fold at days 1, 3, and 7 in TRI animals. Similar changes were noted in the expression of Foxo3a mRNA (1.3-, 1.4-, and 2.6-fold increments). By contrast, Foxo4 mRNA was not significantly changed in TRI animals. With TRI, muscle atrophy F box/ Atrogin-1 increased by 1.8-, 4.1-, and 7.5-fold at days 1, 3, and 7 compared with CTL rats. By contrast, muscle RING finger 1 increased only from day 7 (2.7-fold). Gradual reduction in IGF-I expression with TRI over the time series paralleled that of Akt. These findings are consistent with a progressive stimulus to muscle protein degradation and the need to process/remove disassembled muscle proteins via the ubiquitin-proteasome system. Elucidating the dynamic catabolic responses to CS challenge is important in understanding the mechanisms underlying muscle atrophy and therapeutic measures to offset this.
SEVERAL medical conditions, including pulmonary, rheumatologic, and transplantation states, commonly require the use of corticosteroids (CS) for optimal medical management in the setting of acute exacerbations, induction of disease remission, immunosuppression, and/or maintenance therapy (2, 7, 37, 43, 59) . Despite the obvious medical benefits of systemic CS therapy, there are significant adverse side effects associated with its use (39) . In particular, the use of CS has been reported to adversely impact on skeletal muscle structure and function in patients with both acute and chronic disorders (3, 5, (11) (12) (13) 60) . For example, CS was reported to cause respiratory and limb muscle weakness, reduced muscle mass, and muscle fiber atrophy in patients with chronic obstructive pulmonary disease (COPD), with associated worse survival (3, (11) (12) (13) . In an animal model, we have previously reported on the impact of CS on gastrocnemius muscle fiber cross-sectional areas in both the deep (red) and superficial (white) portions, with significant atrophy of major fiber types, particularly type II fibers (35) .
CS leads to muscle atrophy by adversely impacting on both the synthetic and protein degradation arms of protein turnover (1, 24, 28, 42, 57, 63, 65) . The reduction in protein synthesis with CS administration is related to a diminished rate of protein translation initiation and not limited by impairment of translational elongation or transcription (56, 57) . Enhanced protein breakdown with CS is in large part due to ATP-dependent ubiquitin-mediated proteolysis (1, 65) . The phosphatidylinositol 3-kinase (PI3K)/Akt (serine/threonine kinase also known as protein kinase B) pathway is important in maintaining the balance between protein synthesis and degradation, with Akt functioning as a key "anchor" (25, 50, 51, 58) . Decreased activation of Akt in cultured myotubes was shown to activate forkhead box O (Foxo) transcription factors, with subsequent enhanced expression of muscle-specific ubiquitin E3 ligases, such as muscle atrophy F box (MAFbx; also known as Atrogin-1) and muscle RING finger-1 (MuRF1) (51, 58) . By contrast, phosphorylation of Akt by insulin or insulin-like growth factor-I (IGF-I) has been shown to phosphorylate and inhibit Foxo transcription factors by shuttling them away from the nucleus to the cytosol, thus blocking induction of MAFbx or MuRF1, with reduced muscle proteolysis (38, 50, 51, 58, 61) .
To date, most of the data reported for CS influences on signal transduction pathways have been obtained in cell culture, with a paucity of data in animal models of steroid-induced muscle atrophy. Of those reported, all have employed supratherapeutic doses of CS with regimens of 5 to 80 times that of clinically high dosing schedules (e.g., 1, 8, 18, 19, 30, 35, 38, 52, 66) . Further, there are limited time-series data in vivo evaluating the interactive expression of Akt, Foxo transcription factors, and muscle-specific ubiquitin E3 ligase interactions. For example, Auclair et al. (1) evaluated CS effects on the rat limb muscles over 3 days. In the extensor digitorum longus (EDL), they reported an early peak in the polyubiquitin transcripts UbB and UbC at day 1 with a second larger peak at day 3. E 2 -14k (an ubiquitin conjugating enzyme) peaked at day 2. Sassoon and coworkers (52) used supraphysiological doses of CS in rabbits and reported decrements in diaphragm muscle IGF-I of similar degree over 1, 2, and 3 days with increments in MAFbx over the same time course. While several markers of limb muscle protein turnover in vivo (e.g., IGF-I, Akt, MAFbx, MuRF1, Foxo1, and Foxo3a) have been reported following the administration of CS, the data generally represent only one point in time varying from 6 h to 13 days (e.g., 19, 30, 38, 62, 66) . Of interest, a gene array study using rat gastrocnemius muscle at day 3 after high-dose CS revealed cathepsin L as a significant early mediator of proteolysis and not markers of the ubiquitin proteasome system (30) . The varying methodological approaches highlighted above preclude firm conclusions being drawn regarding the complex and dynamic biochemical events following CS administration.
The aim of this study, therefore, was to employ a clinically relevant dose of CS for a time course analysis examining the expression of muscle-specific ubiquitin E3 ligases and Foxo transcription factors in an animal model of limb muscle atrophy due to CS. This would enable us to determine the expression of individual signals and their potential correlations with downstream effectors. We hypothesize that changes in Foxo transcription factors and the ubiquitin E3 ligases on which they act are linked, but that the upregulation of their individual components may differ both temporarily and in extent. These studies may further elucidate dynamic complex mechanisms underlying the aggregate effects of CS-induced muscle atrophy in the animal model.
METHODS

Animal Groups
Young adult male Sprague-Dawley rats (initial body wt ϭ 280 g) were divided into two groups: 1) a control group (CTL; n ϭ 21), and 2) a group receiving triamcinolone (TRI; n ϭ 21). TRI was administered by intramuscular injection (1 mg · kg Ϫ1 · day Ϫ1 ) over 1, 3, or 7 days. CTL animals received daily saline injection over the same duration. All injections were provided at the same time each day (between 10:00 and 11:00 AM). Food and water were provided to both groups ad libitum. Animals were housed with a 12:12-h dark: light cycle and ambient temperature maintained at 22°C. The research protocol was approved by the Burns and Allen Research Institute Animal Care and Use Committee of Cedars-Sinai Medical Center.
Muscle Biochemical Studies
mRNA extraction. Total RNA was extracted from gastrocnemius samples with TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufacturer's protocol. Quality and concentrations of total RNA were determined with a spectrophotometer (SmartSpec 3000, BioRad, Hercules, CA). Samples were stored at Ϫ80°C in RNase-free water until analysis. Two micrograms of total RNA was reverse transcribed (RT) using oligo(dT) primers (Invitrogen) and Omniscript RT kit (Qiagen, Valencia, CA), and reactions yielded 20 l of first-strand cDNA.
Oligonucleotides. The primers for IGF-I, transcription factors Foxo1 (also known as FKHR), Foxo3a (also known as FKHRL1), and Foxo4 (also known as AFX), muscle-specific ubiquitin E3 ligases MAFbx/Atrogin 1 and MuRF1, as well as the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed based on published rat cDNA sequences using Primer3 on the World Wide Web for general users and for biologist programmers (2004, Whitehead Institute for Biomedical Research, Cambridge, MA; see Ref. 49 ). Sequences of primers used for cDNA synthesis and real-time RT-PCR analysis, along with their accession number and product length, are described in Table 1 .
Real-time RT-PCR. Primer efficiency tests were performed to compare amplification efficiency between the target genes and the endogenous reference gene (GAPDH). A PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) with V1.76A software was used to set the reaction plate design to perform the real-time PCR. The following experimental conditions were set: 50°C for 2 min, 95°C for 10 min, 95°C for 30 s, 60°C for 1 min, and set for 40 cycles. For each well, 65 ng of cDNA template was used with the master mix (Applied Biosystems) containing SYBR green in a volume of 25 l. To compare the relative mRNA expression between control and experimental groups, the comparative threshold cycle (C T; the fractional cycle number at which the amount of amplified target reaches a fixed threshold) method was used. This relative quantification is achieved using the following arithmetic formula:
where ⌬C T is the difference in threshold cycles for target and reference. The fold change in mRNA expression as a result of experimental condition was calculated using the following formula:
The amount of target, normalized to the endogenous reference and relative to the calibrator, is given by the following formula: 2 Ϫ⌬⌬C T (Further details pertaining to the derivation of the formula describing the exponential amplification of PCR are available in User Bulletin 2: ABI PRISM 7700 Sequence Detection System.)
Thus the final result is the fold change in mRNA expression relative to that of the control group.
Protein extractions. Soluble protein was extracted from 50-mg samples of the gastrocnemius muscle in a 1:10 ratio of cold cell lysis buffer (Cell Signaling Technologies, Beverly, MA) according to manufacturer's protocol. Homogenization was performed with a Polytron homogenizer, and homogenates were centrifuged at 14,000 rpm. The supernatant was aliquoted in microcentrifuge tubes. Protein concentration was determined using a commercial protein assay kit (Bio-Rad) based on the Bradford (6) method and measured with a spectrophotometer (SmartSpec 3000, Bio-Rad).
SDS-PAGE and Western blotting. Samples were boiled and cooled before being used for electrophoresis. Protein extracts were loaded on 4 -20% linear gradient gels. Proteins were then electrophoretically transferred to nitrocellulose membranes. Rabbit polyclonal antibodies directed at total Akt and phosphorylated Akt at the COOH terminus (Ser 473 ) were from Cell Signaling Technology. Blots were incubated with primary antibodies at 4°C overnight, washed, and incubated with an appropriate secondary antibody at room temperature for 1 h. The blots were visualized following development with enhanced chemiluminescence reagents (ECL streptavidin-horseradish peroxidase, Amersham, Piscataway, NJ) according to manufacturer's protocol. In a few instances blots were reused by exposing them to stripping buffer (Restore, Pierce Biotechnology, Rockford, IL) and reprobed with a different antibody. Blots were exposed to X-ray film in a cassette, the films scanned, and identified bands analyzed by densitometry using a Kodak Analysis System. Western blot data from the CS group were expressed relative to measured mean values from the CTL group.
Statistical Analysis
The distribution of all data was tested for normality, and statistical analysis was then performed using a one-way ANOVA (SigmaStat v. 2.0, Jandel, Richmond, CA) to compare differences between the independent groups. If a significant interaction was found, post hoc analysis (Newman-Keuls test) was used to compare differences in independent groups. An ␣-level of 0.05 was used to determine significance. Values are means Ϯ SE.
RESULTS
Body Weights and Muscle Mass
CS administration induced a gradual and significant decrement in body weight over the 7-day period, with mean body weights for CS animals down 3, 12, and 17% at days 1 (P ϭ 0.09), 3 (P Ͻ 0.0001), and 7 (P Ͻ 0.0001), respectively, compared with CS animals at day 0 (Fig. 1) . Of interest, the slope of body weight decrement over time was similar for CS animals at days 1 and 3, while for day 7 animals, the rate of weight loss was attenuated from day 5 (Fig. 1, top) . In CTL animals, body weight increased slightly over the same time periods with a final weight gain of 5% (P ϭ 0.12) at day 7 ( Fig.  1) . Thus the mean final body weight of CS-treated animals was 3, 12, and 21% lower at days 1 (P ϭ 0.15), 3 (P Ͻ 0.01), and 7 (P Ͻ 0.001), respectively, compared with CTL animals (Fig.  1, bottom) . Examples of gradual skeletal muscle atrophy with CS treatment are shown in Fig. 2 where the mean muscle masses of the diaphragm (Fig. 2, top) and extensor digitorum longus (Fig. 2, bottom) at day 7 were significantly decreased (P Ͻ 0.05) by 18 and 11%, respectively, compared with those of CTL animals.
Muscle IGF-I mRNA
The muscle IGF-I mRNA abundance decreased by 33, 65 , and 58% at days 1 (P ϭ 0.1), 3 (P Ͻ 0.001), and 7 (P Ͻ 0.05), respectively, in CS-treated rats compared with CTL (Fig. 3) . The abundance of IGF-1 mRNA at day 3 was also significantly lower than at day 1 with CS administration (P Ͻ 0.05; Fig. 3 ).
Muscle Akt Protein Levels
Analysis of muscle total Akt showed no change in its protein levels over time with CS treatment (Fig. 4) . However, CStreated rats exhibited a sustained decrease in the phosphorylated (P) form of Akt of 28% at day 1 (P Ͻ 0.01), 50% at day 3 (P Ͻ 0.0001), and 36% at day 7 (P Ͻ 0.005) compared with CTL (Fig. 4) .
Muscle Foxo mRNA
Muscle Foxo1 and -3a mRNA levels showed progressive change over time, while Foxo4 remain unchanged (Fig. 5) . The abundance of Foxo1 mRNA increased progressively by 1.2-, 1.4-, and 2.5-fold at days 1, 3, and 7 (P Ͻ 0.5), respectively, in CS-treated animals (Fig. 5) . Further, mRNA abundance at day 7 was significantly greater than at day 1 (P Ͻ 0.05; Fig. 5 ). Similar changes were noted in the expression of Foxo3a mRNA with 1.3-, 1.4-, and 2.6-fold (P Ͻ 0.05) increments. In addition, mRNA abundance at day 7 was significantly greater than at day 1 (P Ͻ 0.01; Fig. 5 ). By contrast, Foxo4 mRNA abundance was not significantly changed at all time points, although there was a trend for an increment at day 7 (1.5-fold increment; P ϭ 0.2) in CS animals. 
Muscle-Specific Ubiquitin E3 Ligase mRNA
The mRNA abundance of muscle-specific ubiquitin E3 ligases (MAFbx/Atrogin-1 and MuRF1) exhibited different time course increments at days 1, 3, and 7 (Fig. 6) . With CS administration, MAFbx (Atrogin-1) increased by 1.8-, 4.1-, and 7.5-fold at days 1 (P ϭ 0.1), 3 (P Ͻ 0.01), and 7 (P Ͻ 0.001), respectively, compared with CTL rats (Fig. 6) . Furthermore, abundances were significantly greater at days 3 (P Ͻ 0.05) and 7 (P Ͻ 0.001) than at day 1 of CS-treated animals (Fig. 6) . The mRNA abundance at day 7 was also significantly greater than at day 3 (P Ͻ 0.05) with CS administration.
By contrast, the increments in muscle RING finger 1 (MuRF1) were significantly less than observed for MAFbx. Further, there was only a trend for MuRF1 abundance to increase by day 3 (1.8-fold; P ϭ 0.07), with a significant rise noted only at day 7 (2.7-fold; P Ͻ 0.05) (Fig. 6 ). Only at day 7 was MuRF1 abundance greater than at day 1 (P Ͻ 0.05).
DISCUSSION
This study highlights the time-course changes in several key signaling pathways in the gastrocnemius muscle of adult rats with the administration of a clinically relevant dose of CS. In this study, we elected a priori not to include a pair-fed (or pair weight) group. The major rationale was that we were interested in evaluating the aggregate influences of CS on limb muscle Foxo transcription factor expression using a clinical dosing regimen. The intent was not to analyze the separate actions of CS (direct and indirect) in mediating biochemical changes in muscle, but to evaluate the total/composite/aggregate response to CS administration, as occurs in the clinical scenario. A literature review limited to rats in which CS were given added to our belief that the impact of pair feeding (CS-induced decrement in food intake) in the short term has a minimal to no significant impact on muscle mass (albeit a greater impact on body weight). In the majority of papers, the dose of CS was significantly greater than that used in the present study and the duration of treatment varied greatly (from 5 to 10 days) with a single end point only (9, 15, 18, 41, 53) . Nevertheless, these data support our rationale not to include a pair-fed group. For example, Moore et al. (41) reported no change in gastrocnemius, EDL, and diaphragm muscle masses in pair-fed rats compared with free-eating controls despite a 35, 28, and 28% decrease in muscle masses, respectively, in CS-treated rats. Food intake was reduced by 14.9% in the pair-fed group. Similarly, Dumas et al. (15) reported no significant change in gastrocnemius mass in pair-fed rats compared with free-eating controls, while steroid-treated animals had a 23% decrement in muscle mass. Of note, in the Moore study (41) , body weight in pair-fed animals was attenuated 9% compared with controls, while it was reduced by 13% in the study by Dumas et al. (15) . Other points of note were a clear dose response evident for muscle mass (and body weight) loss where this was tested (38) , and our dosing regimen was much less than in the majority of rat studies. Further, we have shown that providing only 60% of normal food intake has no significant impact on body weight in the first 1, 3, and 7 days of a 21-day study in rats (34) .
The main findings of this study were as follows. 1) There was a progressive decline in body weights starting as early as day 1 and following the same substantial decline thereafter.
2) Muscle IGF-1 mRNA abundance was significantly reduced by day 3 and remained markedly reduced at day 7. 3) The expression of phosphorylated (P)-Akt was significantly reduced as early as day 1 with further decrement by day 3. Levels remained significantly reduced at day 7. 4) Muscle mRNA abundance of Foxo1 and -3a were significantly elevated only by day 7, while no changes in Foxo4 were observed. 5) The time course changes in muscle-specific ubiquitin E3 ligases differed. Muscle mRNA abundance of MAFbx increased progressively but was significant only from day 3, while abundances of MuRF1 were elevated only at day 7. Of interest, the peak fold change for MAFbx greatly exceeded that of MuRF1.
CS and Muscle Atrophy
CS impact adversely on both arms of muscle protein turnover by reducing protein synthesis and enhancing protein breakdown. For example, the fractional synthesis rate of myosin heavy chains (the major skeletal muscle contractile protein) was reduced by 35% in the plantaris muscle of rats following CS administration (10) . Further, a 60% increase in the excretion of urinary 3-methylhistidine (an index of myofibrillar breakdown) was reported in rats given CS (55) . The major mechanism underlying reduced muscle protein synthesis is related to a diminished rate of translation initiation and thus efficiency (56, 57) with reduced translational capacity with more extended periods of CS administration (48, 57) . By contrast, enhanced muscle protein breakdown with the use of CS is mediated in large part via the ATP-dependent ubiquitinmediated proteolytic pathways (1). This disordered protein turnover culminates, as we previously reported, in significant muscle fiber atrophy in both limb and respiratory muscles (35) . CS treatment significantly reduced the mean cross-sectional areas of both types I and II fibers in the deep (red) portion of the gastrocnemius as well as of type II fibers in the superficial (white) portion of the gastrocnemius and the diaphragm muscles (35) .
Muscle IGF-1 and P-Akt
We have previously reported reduced levels of muscle IGF-1 in the diaphragm of rats following malnutrition of varying severity, another model of metabolic stress (including endogenous CS elaboration) and disordered protein turnover (34) . Large doses of CS (methylprednisolone and triamcinolone) given to rats over 5 and 13 days, or rabbits over 3 days, were also reported to significantly reduce IGF-1 mRNA abundances in the gastrocnemius and/or diaphragm muscles (18, 52, 66) . IGF-I mRNA abundance was also reduced in the gastrocnemius of mice given high-dose dexamethasone (19) . In the present study, reduced abundance of muscle IGF-1 mRNA were seen by day 3, but using an 80-fold reduction in CS dose to that used in the study by Gayan-Ramirez and colleagues (18) . This indicates that similar influences were still evident at doses of the CS that mirror clinical dosing regimens.
Reduced muscle IGF-1 likely plays an important role in CS-induced skeletal muscle wasting, as it impacts on important signaling pathways downstream of its receptor. This includes activation of the phosphatidylinositol-3-kinase (PI3K)/Akt pathway to suppress muscle proteolysis via the ubiquitinproteasome and lysosomal pathways. (32, 50) . In addition, the PI3K/Akt/GSK3␤/␤-catenin pathways have also been implicated in CS-induced protein breakdown and atrophy in myotubes (36) and in vivo, in rat limb muscles (54) , with IGF-1 reversing the negative influences of CS on these signal transduction pathways. Further, as proof of concept, either systemic administration of IGF-1 (e.g., 17, 27) or local limb muscle IGF-1 gene transfer by electroporation techniques (53) prevents or attenuates CS-induced muscle atrophy.
P-Akt levels in the gastrocnemius in the present study were significantly reduced as early as 1 day following the administration of CS and remained down through day 7. The nadir was at day 3, where levels were Ͻ50% of controls. Similar reduction in P-Akt was recently reported in the tibialis anterior and gastrocnemius muscles of rats given dexamethasone for either 7 or 13 days (54, 66) . Of interest, reduction in Akt activity has been shown to correlate with reduced levels (14) , while local muscle overexpression of a constitutively active form of Akt prevented CS-induced muscle fiber atrophy (54) . Thus the early and sustained reduction in P-Akt muscle expression in the present study would be expected to adversely influence both the synthetic and proteolytic (see below) arms of muscle protein turnover, resulting in early and progressive loss of muscle mass, as suggested by the effects on body mass over 7 days with CS administration.
Foxo Transcription Factors
The role members of the forkhead box O (Foxo) transcription factors play in several different models of muscle atrophy as well as their influences on muscle specific ubiquitin E3 ligases has recently been highlighted (e.g., 51, 58) . Further, Foxo1, -3a, and -4 are expressed in skeletal muscle, and their role in myogenic processes, regulation of muscle metabolism, and proteolysis are the focus of much interest (22) . In muscle cell cultures, activation of either Foxo1 or -3a has been linked to the expression of muscle-specific ubiquitin E3 ligases, in part via activation of the MAFbx/atrogin 1 promoter (Foxo3a; 51) or MuRF promoter (Foxo1; 62). Phosphorylation of the Foxo transcription factors inhibits their action by shuttling them away from the nucleus to the cytosol (61). For example, in C2C12 muscle cell culture, Zhao et al. (68) reported a marked decrement in phosphorylated Foxo1 following incubation with dexamethasone.
In the present study, assays were performed in an in vivo model of CS administration. This is important as much of the literature relates to excellent studies in muscle cell cultures, which have several drawbacks. These include the small fraction of myofibrillar protein content in cultured myocytes compared with their 60 -70% (of total muscle protein) content in adult muscle (67) . In addition, the bloodless preparation precludes the normal complex interactive physiological, metabolic, and genetic responses to the intervention, which could skew the results. For example, mRNA abundance for Foxo factors 1 and 3a were increased in the gastrocnemius muscle of rats treated with AICAR [an AMP-activated protein kinase (AMPK) agonist] but decreased in C2C12 muscle cell lines with the same intervention (44) .
The present study demonstrated that the mRNA abundance of Foxo1 and -3a were significantly elevated only by day 7. This contrasts with significantly increased abundance of Foxo3a mRNA in the gastrocnemius of mice given dexamethasone (19) . In the present study, significant and progressive body weight loss was evident as early as day 3. This suggests that the impact of the CS on the PI3K/Akt pathways early on, as shown by the reduced levels of P-Akt at day 1, likely influenced preformed Foxo transcription factors, with reduced phosphorylation and activation of the latter and shuttling of the transcription factors back to the nucleus and/or reduced cytosolic extrusion. The sustained influences of reduced P-Akt with CS administration may well have been the stimulus for increased transcription factor availability together with stimuli from other possible upstream metabolic regulators (e.g., AMPK) (29) . It is also possible that the disordered state of protein turnover induced by CS impaired the normal synthesis of these factors and/or enhanced their ubiquitination and breakdown, thus promoting new factor generation.
In the present study, no changes were observed for Foxo4 at any time point, suggesting that this transcription factor is unlikely an important biochemical mediator of disordered protein turnover and loss of skeletal muscle mass in our model of CS administration. The functions of the various Foxo transcription factors are complex and diverse and still have to be fully defined. Of interest, a recently reported sepsis model, induced by cecal ligation and puncture (known to be accompanied by endogenous CS elaboration, acute muscle proteolysis, and muscle atrophy), also failed to show any changes in Foxo4 mRNA in the gastrocnemius muscle of the mice, despite significant increments in Foxo1 and -3 mRNA abundances (44) . The actions of Foxo4 in skeletal muscle are unclear. Whether the transcription factor has a role in muscle oxidative stress protection and muscle metabolism still needs to be clarified (26) . Compared with Foxo1 and -3a, Foxo4 is activated in skeletal muscle through JNK pathways rather than via PI3K/Akt signaling (as reported for all other tissues) (46) .
Muscle-Specific Ubiquitin E3 Ligases
Degradation of muscle contractile proteins is predominantly mediated via the ATP-dependent ubiquitin-proteasome system (40) . Recently, important muscle-specific ubiquitin E3 ligases have been described (MAFbx/atrogin-1 and MuRF1; 4, 21) that are upregulated in several different models of muscle atrophy (30) . In muscle cell cultures, dexamethasone increased MAFbx/atrogin-1 and MuRF1 mRNA expression (50, 58, 68) , the induction of which was shown in part to be related to the influence of activated Foxo transcription factors (51, 58) . Indeed, it has recently been reported that the MuRF1 promotor is a direct target of activated glucocorticoid receptors (GR) and that the promoter is synergistically activated by Foxo1 and GR (62) . In the present study, It was thus surprising to note therefore that significant increments in MuRF1 mRNA abundances were 1) significantly less and 2) delayed, compared with that of MAFbx (see Fig. 6 ). Similar findings were reported in myotubes exposed to dexamethasone (50) . A recent study in the gastrocnemius muscle of rats given dexamethasone for 13 days also reported higher expression of MAFbx compared with MuRF1 mRNA, but at a single time point (66) . The provision of high-dose dexamethasone to mice, however, revealed sim-ilar increments in MAFbx and MuRF1 mRNA in the gastrocnemius at a single time point (4 days) (19) . Similar increments in MAFbx mRNA were reported in the rabbit diaphragm following supratherapeutic CS administration at 1, 2, and 3 days (52) . Whether animal species and/or muscle tested account for differences across the studies is unclear. Nevertheless, our data in vivo and that of the literature highlight the potent influences of CS on MAFbx expression. However, how CS specifically regulates MAFbx expression and the relative importance of the two atrogenes in this model needs still to be elucidated. One cannot rule out redundancy of the various atrogenes in the response to CS as well.
Integration of Time Course Results
Disordered muscle protein turnover and muscle atrophy under conditions of metabolic stress is a dynamic process. This highlights the importance of a time-series approach to assess biochemical responses to a catabolic provocation. Distinct time-series differences were noted in several parameters assessed in our study.
First, the decrement in body weight was sustained with the relatively steep slope of decline the same for all groups across common time frames. The decline in body weight however tended to diminish from day 5. This suggests a very early impact of CS with possibly some "adaptive metabolic brakes" in play from day 5. We postulate that attenuation in impaired muscle protein translation initiation may be one of several possible factors over time. Indeed the significant reduction in key effectors of muscle protein synthesis influenced by CS (e.g., p70
S6K ) appears to be unaffected following 5 days of CS administration, suggesting some recovery of muscle protein synthetic function at this later time point (37) .
We also observed an apparent discordance between early body weight loss and the expression of proteolytic markers (muscle-specific ubiquitin E3 ligases and Foxo transcription factors) and decrements in muscle mass at later temporal time points. Of interest, Auclair et al. (1) also reported similar findings in a time-series study over 7 days in rats given CS. For example, body weight decreased significantly after 2 days of steroid treatment, while EDL mass was reduced only by day 4. Further, markers of the ubiquitin-proteasome system (different from our own) increased differently across the first 3 days, despite increased proteolysis by day 1. Thus both the study by Auclair et al. (1) and our own are complex to interpret, but they highlight intriguing questions related to the dynamic process induced by CS that demand further study. We speculate that several different mechanisms may underlie the early reduction in body weight and discordance with proteolytic markers and muscle morphometry in our study. Loss of body weight without loss of muscle mass has occurred because of early reduction in body fat compared with muscle tissue (e.g., 23). Other proteolytic systems may also have been activated earlier.
Recently, emphasis has been placed on the important role of the lysosomal pathways in muscle proteolysis (67) . It is of interest, therefore, that a gene array study of rat gastrocnemius muscle after 3 days of CS administration revealed cathepsin L as a significant early mediator of proteolysis, and not markers of the ubiquitin proteasome system (30) . A phase lag between a proteolytic stimulus and sufficient muscle protein breakdown may also have delayed a statistically significant decrement in muscle mass. Reduced muscle P-Akt levels were observed early in the present study, with decreased IGF-1 mRNA abundance by day 3. These changes would be expected to impact on both synthetic and degradation arms of protein turnover. The increment in Foxo1 and -3a muscle mRNA abundances only by day 7 however suggests that dephosphorylated Akt resulted in the activation of existing Foxo transcription factors to induce atrogene expression. While the mechanisms stimulating late Foxo1 and -3a mRNA abundances and their biochemical influences later in the course of CS exposure are not known, we speculate that replenishment of atrogene proteins would be required because of 1) the need to process/remove disassembled muscle proteins via the ubiquitin-proteasome system [the initial process of myofibrillar disassembly could be mediated by the caspase and/or calpain pathways (14, 20, 64) ]; and 2) an ongoing CS-induced proteolytic state, with ATP-dependent proteolysis of myofibrillar proteins now fully activated.
The level of expression of MAFbx and its timing differed from MuRF1. The specific pathobiological roles and consequences of the two atrogenes in this model remain to be determined. Our data highlight the complexity and dynamic nature of several interacting systems and pathways in vivo. Indeed, this complexity in vivo underlies the very rationale for time-series studies, and provides intriguing questions for future studies.
In conclusion, this study demonstrates in vivo muscle expression of important signaling factors involved in CS-induced muscle atrophy in a time-series design. In addition, the dose of CS employed was well within dosing regimens used in clinical practice and thus offers insights that may be clinically applicable. Understanding the dynamic responses to catabolic challenges is clearly important in understanding the mechanisms underlying muscle atrophy and the development of therapeutic measures to offset this. As speculated above, our time-series data provide strong inference that multiple different proteolytic pathways are likely involved in CS-induced muscle atrophy. Their involvement, as well as their dynamic and complex interactions with ATP-dependent proteolysis over time, certainly needs further study. In addition, the exact roles and possible redundancy of MAFbx and MuRF1, as well as Foxo1 and Foxo3a, merit further intense evaluation.
